Recent detections of the starburst galaxies M82 and NGC 253 by gamma-ray telescopes suggest that galaxies rapidly forming massive stars are more luminous at gamma-ray energies compared to their quiescent relatives. Building upon those results, we examine a sample of 69 dwarf, spiral, and luminous and ultraluminous infrared galaxies at photon energies 0.1-100 GeV using 3 years of data collected by the Large Area Telescope (LAT) on the Fermi Gamma-ray Space Telescope (Fermi). Measured fluxes from significantly detected sources and flux upper limits for the remaining galaxies are used to explore the physics of cosmic rays in galaxies. We find further evidence for quasi-linear scaling relations between gamma-ray luminosity and both radio continuum luminosity and total infrared luminosity which apply both to quiescent galaxies of the Local Group and lowredshift starburst galaxies (conservative P-values 0.05 accounting for statistical and systematic uncertainties). The normalizations of these scaling relations correspond to luminosity ratios of log(L 0.1−100 GeV /L 1.4 GHz ) = 1.7 ± 0.1 (statistical) ± 0.2 (dispersion) and log(L 0.1−100 GeV /L 8−1000 µm ) = −4.3 ± 0.1 (statistical) ± 0.2 (dispersion) for a galaxy with a star formation rate of 1 M ⊙ yr −1 , assuming a Chabrier initial mass function. Using the relationship between infrared luminosity and gamma-ray luminosity, the collective intensity of unresolved star-forming galaxies at redshifts 0 < z < 2.5 above 0.1 GeV is estimated to be 0.4-2.4 ×10 −6 ph cm −2 s −1 sr −1 (4-23% of the intensity of the isotropic diffuse component measured with the LAT). We anticipate that ∼ 10 galaxies could be detected by their cosmic-ray induced gamma-ray emission during a 10-year Fermi mission.
1. INTRODUCTION Global emission of most galaxies across much of the electromagnetic spectrum from radio to gamma-ray energies is related to the formation and destruction of massive stars. The exceptions are certain galaxies hosting active galactic nuclei (AGN) . Throughout this work, we refer to galaxies in which non-thermal emission is mainly diffuse in origin rather than powered by a supermassive black hole as 'star-forming galax-ies. ' O and B stars radiate the majority of their bolometric luminosity at ultraviolet wavelengths, which is efficiently absorbed by interstellar dust and re-emitted in the infrared (IR, Scoville & Young 1983) . The IR emission dominates the spectral energy distribution of actively star-forming galaxies (reviewed by Sanders & Mirabel 1996) and is a robust indicator of star-formation rates (e.g. Kennicutt 1998a ). Starburst galaxies are distinguished by kpc-scale regions of intense starforming activity and are often identified by their enormous IR luminosities, many being classified as luminous infrared galaxies (LIRGs, L 8−1000 µm > 10 11 L ⊙ ) and ultra-luminous infrared galaxies (ULIRGs, L 8−1000 µm > 10 12 L ⊙ ) using the definition proposed by Sanders & Mirabel (1996) .
Massive stars responsible for the IR emission end their lives as core-collapse supernovae, whose remnants are believed to be the main cosmic-ray (CR, including all species) accelerators on galactic scales. The energy budget of CRs observed in the solar neighborhood is dominated by relativistic protons. If ∼ 10% of the mechanical energy of the outgoing shocks can be transferred into CR acceleration, supernova remnants (SNRs) would be capable of sustaining the locally measured CR flux (Ginzburg & Syrovatskii 1964) .
In star-forming galaxies, CR electrons and positrons (hereafter simply electrons) spiraling in interstellar magnetic fields radiate diffuse synchrotron emission in the radio continuum (RC) at a level closely related to the total IR luminosity of the galaxies (van der Kruit 1971 Kruit , 1973 de Jong et al. 1985; Helou et al. 1985; Condon 1992) . Thermal bremsstrahlung emission originating from H II regions ionized by the massive stars contributes to the RC emission to a lesser extent. Remarkably, the nearly linear empirical RC-IR correlation spans over 5 orders of magnitude in luminosity (Condon et al. 1991) .
CRs also create diffuse gamma-ray emission. The same CR electrons responsible for radio synchroton emission can produce high energy radiation either through interactions with gas (bremsstrahlung) or interstellar radiation fields (inverse Compton scattering). Inelastic collisions between CR nuclei and ambient gas lead to the production of gamma-rays through π 0 decay, and also to the production of secondary CR leptons by π ± decay. It is therefore natural to look for correlations of gamma rays with the CR-induced emissions at lower frequencies (and accordingly, IR emissions) .
Two of the nearest starburst galaxies, M82 and NGC 253, have been detected in high-energy gamma rays by both space-based (Abdo et al. 2010a ) and imaging air-Cherenkov telescopes (Acciari et al. 2009; Acero et al. 2009 ).
Although all galaxies are expected to produce CR-induced emission at some level, large numbers of SNRs together with dense interstellar gas (average number densities ∼500 cm −3 ) and intense radiation fields led several authors to anticipate the central starbursts of M82 and NGC 253 as detectable gamma-ray sources (e.g. Paglione et al. 1996; Blom et al. 1999; Domingo-Santamaría & Torres 2005; Persic et al. 2008; de Cea del Pozo et al. 2009; Rephaeli et al. 2010) . Because the massive stars (M 8M ⊙ ) which ultimately result in core-collapse supernovae have lifetimes of O(10 7 yrs), and particle acceleration in the vicinity of a supernova happens for a short time O(10 4 yrs), the number of CR accelerators in a given galaxy is thought to be closely related to the contemporaneous star-formation rate (SFR). Indeed, the observed gamma-ray fluxes from M82 and NGC 253 imply enhanced CR energy densitities within galaxies undergoing rapid massive star-formation. A study of the Local Group galaxies detected at GeV energies, including the Milky Way (MW), Small (SMC, Abdo et al. 2010b) and Large Magellanic Clouds (LMC, Abdo et al. 2010g) , and M31, identified a simple power law relation between star-formation and gamma-ray luminosity (Abdo et al. 2010d ). On spatial scales within an individual galaxy, resolved images of the LMC at GeV energies show that gamma-ray emissivity per hydrogen atom, and hence CR intensity, is greatest near the massive star-forming region 30 Doradus (Abdo et al. 2010g ).
EGRET observations (Cillis et al. 2005 ) yielded flux upper limits for a collection of star-forming galaxies beyond the Local Group (typical limits of 3-5 ×10 −8 ph cm −2 s −1 in the > 0.1 GeV energy range), and stacking searches for a collective signal from the same galaxies produced no significant detection. Lenain & Walter (2011) recently reported flux upper limits in the 0.2-200 GeV energy range for several galaxies located within 5 Mpc including M81, M83, IC 342, Maffei 1, Maffei 2, and M94 using 29 months of data collected by the Large Area Telescope (LAT) on board the Fermi Gammaray Space Telescope (Fermi) . The MAGIC Collaboration has reported a flux upper limit in the energy range 160 GeV towards the nearest ULIRG, Arp 220 (15 hours, Albert et al. 2007) , and H.E.S.S. observations of NGC 1068 produced a flux upper limit above 210 GeV (4.3 hours, Aharonian et al. 2005) .
In this paper, we use three years of Fermi LAT data to perform a systematic search for high energy gamma-ray emission from 64 star-forming galaxies beyond the Local Group selected on the basis of their present star-forming activity. The next section describes our galaxy sample. Section 3 outlines our analysis of LAT data and we present results in Section 4, including updated spectral energy distributions for significantly detected galaxies and flux upper limits for the remaining candidates. Five Local Group galaxies previously studied in LAT data, the SMC, LMC, Milky Way, M31, and M33, are additionally included in a population study of low-redshift star-forming galaxies. Our primary objective is to explore the global properties of galaxies related to their CR-induced emissions. We find that a simple power law relationship between gamma-ray luminosity and SFR reported for Local Group galaxies (Abdo et al. 2010d ) also describes the larger set of star-forming galaxies examined here. The implications of this scaling relation both for the physics of CRs and the contribution of non-AGN-dominated star-forming galaxies to the isotropic diffuse gamma-ray background are discussed in Section 5, and we predict which galaxies might be detected over the course of a 10-year Fermi mission. A standard ΛCDM cosmology with Ω M = 0.3, Ω Λ = 0.7, and H 0 = 75 km s −1
Mpc
−1 is used throughout.
GALAXY SAMPLE
Massive star-formation is fueled by the availablity of dense molecular gas in the interstellar medium (ISM). In order to select a sample of galaxies with unambiguous ongoing star formation, we base our sample of galaxies on the HCN survey of Gao & Solomon (2004a) . HCN J = 1 − 0 line emission is stimulated in the presence of dense molecular gas (n H2 > 3 × 10 4 cm −3 ) typically associated with giant molecular clouds where the majority of star formation occurs (Solomon et al. 1979 ). The total quantity of molecular gas in the dense phase as measured by HCN line emission exhibits a low-scatter linear correlation with both total IR luminosity (Gao & Solomon 2004b) and RC luminosity (Liu & Gao 2010) and is considered a reliable indicator of SFR. Observations of Galactic molecular clouds suggest that these relations hold at the scale of individual molecular cloud cores as well (Wu et al. 2005) .
The HCN survey is the most complete study to date in terms of total dense molecular gas content, including nearly all of the nearby IR-bright galaxies with strong CO emission in the northern sky (δ ≥ −35
• ). 58 Additional galaxies with globally measured HCN emission data available in the literature are also included in the sample. Objects at Galactic latitudes |b| < 10
• are excluded due to the strong diffuse emission from the Galactic plane. Our final candidate list of 64 galaxies beyond the Local Group includes more than a dozen large nearby spiral galaxies, 22 LIRGs, and 9 ULIRGs. Global properies of the galaxies including RC luminosity, total IR luminosity, and HCN luminosity are provided in Table 1 .
Many of the IR-bright starburst galaxies in our candidate list have been previously suggested as interesting targets for gamma-ray telescopes on the basis that a significant fraction of CR protons may interact in dense molecular clouds before escaping the ISM (Völk 1989; Akyüz et al. 1991; Paglione et al. 1996; Torres et al. 2004 ; Thompson et al. 2007 ). Furthermore, galaxies well-known to host non-thermal leptonic populations are naturally included in this sample since diffuse radio emission associated with synchrotron radiation correlates with IR luminosity (Condon et al. 1991; Yun et al. 2001) .
Some of the galaxies in our sample host radio-quiet AGN with low-level jet activity. The galaxies associated with sources in the Swift BAT 58-month survey catalog (15-195 keV) with AGN-type designations (Baumgartner et al. 2010) are listed in the rightmost column of Table 1 . Hard X-ray emission is a strong and relatively unbiased identifier of AGN activity (Burlon et al. 2011) , while soft X-ray emission from AGN is more often obscured by intervening circumnuclear and ISM material. X-ray emission from AGN does not require presence of a relativistic jet.
Five Local Group galaxies previously examined in LAT data are included in the multiwavelength comparisons appearing in Section 4.3. Multiwavelength data for those galaxies are summarized in Table 2 .
The largest redshift of any galaxy in our sample is z ∼ 0.06.
LAT OBSERVATIONS & DATA ANALYSIS
The Fermi-LAT is a pair-production telescope with large effective area (∼8000 cm 2 on axis for E >1 GeV) and field of view (∼2.4 sr at 1 GeV), sensitive to gamma rays in the energy range from 20 MeV to > 300 GeV. Full details of the instrument and descriptions of the on-board and ground data processing are provided in Atwood et al. (2009) , and information regarding on-orbit calibration procedures is given by Abdo et al. (2009b) . The LAT normally operates in a scanning 'sky-survey' mode which provides coverage of the full sky every two orbits (∼3 hours). For operational reasons, the standard rocking angle (defined as the angle between the 58 The HCN survey includes galaxies with 60 µm/100 µm emission larger than 50 Jy/100 Jy and CO line brightness temperatures larger than 100mK for spirals or 20mK for LIRGs/ULIRGs. zenith and center of the LAT field of view) for survey mode was increased from 35
• to 50
• on 3 Sep 2009. This work uses data collected in sky-survey mode from 2008 Aug 4 to 2011 Aug 4 for the analysis of 64 celestial 15
• × 15
• regions of interest (RoI) centered on the positions of the galaxies in our sample. We accept only low-background 'source' class photon candidate events (Atwood et al. 2009) corresponding to the P7V6 instrument response functions with reconstructed energies 0.1-100 GeV. In order to reduce the effects of gamma rays produced by CR interactions in the upper atmosphere (Abdo et al. 2009a) , we discard photons arriving from zenith angles > 100
• , exclude time periods when part of the RoI was beyond the zenith angle limit, and also exclude time periods when the spacecraft rocking angle exceeded 52
• . The data were analyzed using the LAT Science Tools software package (version 09-25-02).
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The model for each celestial RoI contains templates for the diffuse Galactic foreground emission (gal_2yearp7v6_v0.fits), a spectrum for the isotropic diffuse emission (composed of both photons and residual charged particle background, iso_p7v6source.txt), and all individual sources reported in the LAT 2-year source catalog (2FGL, Nolan et al. 2012) within 12
• of the target galaxies. For the individual LAT sources, we assumed spectral models and parameters reported in the 2FGL catalog. The candidate sources corresponding to the galaxies in our sample were modeled as point sources with power-law spectra, dN/dE ∝ E −Γ , at the optically-determined positions of the galaxies. Due to their typical angular sizes of O(0.1
• ) or smaller, and fluxes close to or below the LAT detection threshold, the galaxies considered in this work are not expected to be resolved as spatially extended beyond the energy-dependent LAT point-spread function (Lande et al. 2012) .
The normalization and photon index of each gamma-ray source candidate were fitted using a maximum likelihood procedure suitable for the analysis of binned photon data (gtlike). The photons within each RoI were binned spatially into 0.1
• -sized pixels and into 30 energy bins uniformly spaced in log-energy (10 bins for each power of 10 in energy). During the maximum likelihood fitting, the normalizations of the diffuse components were left free. We also fit the normalizations of all neighboring LAT sources within 4
• of the target galaxy positions, or located within the 15
• RoI and detected with exceptionally high significance in the 2FGL catalog 60 .
RESULTS
Results from the analysis of 64 galaxies beyond the Local Group in LAT data are presented first, followed by a discussion of multiwavelength relationships using the full sample of 69 star-forming galaxies. Table 3 summarizes results from the maximum likelihood analyses. Source detection significance is determined using the Test-Statistic (T S) value, T S ≡ −2(ln(L 0 ) − ln(L 1 )), which 59 Information regarding the LAT Science Tools package, diffuse models, instrument response functions, and public data access is available from the Fermi Science Support Center (http://fermi.gsfc.nasa.gov/ssc/). 60 More than 1000 attributed photons in the 2FGL dataset or T S > 500; see Section 4.1 for the definition of T S value compares the likelihoods of models including the galaxy under consideration (L 1 ) and the null-hypothesis of no gammaray emission from the galaxy (L 0 , Mattox et al. 1996) . Significant (T S>25) gamma-ray excesses above background were detected in directions coinciding with four galaxies in the sample: two prototypical starburst galaxies, M82 and NGC 253, and two starburst galaxies also containing Seyfert 2 nuclei, NGC 1068, and NGC 4945. Each of the four gamma-ray sources is associated with the corresponding galaxy from our sample according to the 2FGL catalog (Nolan et al. 2012) .
LAT Data Analysis Results
We additionally obtain relatively large T S values in the directions of NGC 2146 (∼ 20) and M83 (∼ 15). These excesses do not pass the conventional threshold of T S > 25 required to claim a source detection. Lenain & Walter (2011) noted an excess in the vicinity of M83, but determined that the best-fit position was inconsistent with the galaxy location and instead proposed an association with the blazar 2E 3100. We will return to these two galaxies in Section 6.
CR-induced gamma-ray emission from galaxies is expected to be steady on the timescales of our observations. Variability is tested for the four significantly detected sources by partitioning the full observation period into 12 time intervals of ∼ 90 days each and performing a separate maximumlikelihood fit for each of the shorter time-periods. The resulting lightcurves are shown in Figure 1 . None of the four sources show significant changes in flux over the three years of LAT observations. This finding is consistent with the results obtained by Lenain et al. (2010) for NGC 1068 and NGC 4945.
Spectral energy distributions of M82, NGC 253, NGC 1068, and NGC 4945 are shown in Figure 2 . Each flux measurement represents a separate maximum-likelihood fit following the procedures described above, but for 6 logarithmically spaced energy bins. Each energy bin is further divided into 5 logarithmically-spaced sub-bins of energy for binned likelihood analysis to maintain ∼ 10 bins for each power of 10 in energy. Using the power-law spectral models, the maximum likelihood photon index values for the four galaxies are in the range 2.1-2.4. For M82 and NGC 253, the extrapolated power-law fits from the LAT energy range naturally connect with spectral measurements obtained by imaging airCherenkov telescopes at higher energies (Acciari et al. 2009; Acero et al. 2009; Ohm et al. 2011) .
Integral flux upper limits in the range 0.1-100 GeV at the 95% confidence level are provided in Table 3 for galaxies not significantly detected by the LAT. Limits are computed using the profile likelihood technique, for which the flux of a target source is varied over a range while simultaneously maximizing the model likelihood with respect to all other parameters. One-sided 95% CL upper limits correspond to a decrease in profile likelihood, L p , of 2∆ ln(L p ) = 2.71 relative to the maximum likelihood. The flux upper limits presented in Table 3 are derived using a power-law spectral model with photon index Γ = 2.2, corresponding to the typical index of the four LAT-detected starbursts. The upper limits increase by 10-20% (less constraining) on average when assuming a photon index of 2.3.
Gamma Rays from Starbursting Seyfert 2 Galaxies
NGC 1068 and NGC 4945 deserve special attention as galaxies with both circumnuclear starbursts and radio-quiet obscured AGN. The gamma-ray spectra of NGC 1068 and NGC 4945 are similar to those of M82 and NGC 253, and none of the four galaxies show indications of gamma-ray vari-ability. Lenain et al. (2010) suggested a model for NGC 1068 in which gamma rays are produced mainly through inverse Compton scattering of IR photons by electrons in the misaligned jet at distances ∼ 0.1 pc from the central engine. In this scenario, NGC 1068 is viewed as the first member of a new class of gamma-ray sources.
Studies of X-ray selected Seyfert galaxies using LAT data demonstrate that Seyfert galaxies hosting radio-quiet AGN are generally gamma-ray quiet as a population (Teng et al. 2011; Ackermann et al. 2012b) . Excepting NGC 1068 and NGC 4945, no other radio-quiet Seyfert galaxies have been detected by the LAT. The upper limits in 0.1-100 GeV luminosity inferred for several other nearby Seyfert galaxies are below the gamma-ray luminosity of NGC 1068 (Ackermann et al. 2012b) . The tightest constraint is found for NGC 4151, located at a distance of 11.2 Mpc, with gammaray luminosity < 2 × 10 40 erg s −1 (a factor ∼ 10 below that of NGC 1068).
The relative contributions of CR interactions versus AGN activity to the gamma-ray emission of NGC 1068 and NGC 4945 is not yet definitively established. In the multiwavelength analysis which follows, we will consider both the full sample of analyzed galaxies, and a subsample with galaxies hosting Swift-BAT-detected AGN removed.
Multiwavelength Luminosity Comparisons
Many authors have proposed scaling relationships between galaxy star-formation rates (SFRs) and gamma-ray luminosities motivated by the connections between interstellar gas, star formation, supernovae, and CRs (e.g. Pavlidou & Fields 2002; Torres et al. 2004; Thompson et al. 2007; Stecker 2007; Lacki et al. 2011) . We now examine relationships between gamma-ray luminosity and several photometric tracers of star formation taking advantage of the three-year accumulation of LAT data.
The radiative output of star-forming galaxies across much of the electromagnetic spectrum is related to the abundance of short-lived massive stars. Many photometric estimators of the recent star formation histories of galaxies have been used. Total IR luminosity 8-1000 µm is one well-established tracer of the SFR for late-type galaxies (reviewed by Kennicutt 1998a). The conversion proposed by Kennicutt (1998b) ,
assumes that thermal emission of interstellar dust approximates a calorimetric measure of radiation produced by young (10-100 Myr) stellar populations. All SFRs quoted in this work consider the stellar mass range 0.1-100 M ⊙ . The factor ǫ depends on the assumed initial mass function (IMF), with ǫ = 1 for the Salpeter (1955) IMF originally used by Kennicutt (1998b) . We will use ǫ = 0.79 to convert 61 to the Chabrier (2003) IMF, proposed after further studies of star formation in the 0.1-1 M ⊙ mass range.
Several other photometric SFR estimators have been calibrated using the Kennicutt (1998b) total IR luminosity relation. These include RC luminosity at 1.4 GHz produced by synchrotron-emitting CR electrons (Yun et al. 2001) , 61 We use the conversion factor proposed by Crain et al. (2010) for SFRs estimated from total IR luminosity: SFR Chabrier = 0.79 SFR Salpeter .
and HCN J=1-0 line luminosity indicating the quantity of dense molecular gas available to form new stars (Gao & Solomon 2004b) ,
Although these three SFR estimators are intrinsically linked, each explores a different stage of stellar evolution and is subject to different astrophysical and observational systematic uncertainties. Figures 3 and 4 compare the gamma-ray luminosities of galaxies in our sample to their differential luminosities at 1.4 GHz, and total IR luminosities (8-1000 µm), respectively. A second abscissa axis has been drawn on each figure to indicate the estimated SFR corresponding to either RC or total IR luminosity using equations 2 and 1. The upper panels of Figures  3 and 4 directly compare luminosities between wavebands, whereas the lower panels compare luminosity ratios. Taken at face value, the two figures show a clear positive correlation between gamma-ray luminosity and SFR, as has been reported previously in LAT data (see in this context Abdo et al. 2010d ). However, sample selection effects, and galaxies not yet detected in gamma rays must be taken into account to properly determine the significance of the apparent correlations.
We test the significances of multiwavelength correlations using the modified Kendall τ rank correlation test proposed by Akritas & Siebert (1996) . This method is an example of 'survival analysis' techniques, suitable for the analysis of partially-censored datasets (i.e. containing a mixture of detections and upper limits). The Kendall τ coefficient, τ ∈ [−1, 1], indicates the degree of positive or negative correlation between two quanitites by comparing the ordering of each pair of points in the dataset. For example, τ = 1 describes a set of uncensored data points which are monotonically increasing. This non-parametric approach makes no assumption regarding the particular mathematical form for the relationship between compared quantities. See Appendix A for a detailed description of the method.
The multiwavelength relationships are tested in luminosityspace because we are primarily interested in the intrinsic galaxy properties, and importantly, because multiwavelength comparisons in flux-space can either falsely suggest a nonexistant correlation or obscure a genuine physical correlation if the underlying relationship between intrinsic luminosities is non-linear (Feigelson & Berg 1983; Kembhavi et al. 1986 , and see Appendix B). We performed a series of Monte Carlo simulations to investigate potential biases resulting from selection effects for flux-limited samples of objects compared in luminosity-space. The generalized Kendall τ correlation test is found to be robust against the selection effects expected for our application. A brief discussion of results from that study is presented in Appendix C.
Significances of the multiwavelength relationships are computed by comparing the τ correlation coefficient of the actual data to the distribution of τ correlation coefficients which could be obtained under the null hypothesis of independence between wavebands. Null hypothesis datasets are generated by scrambling derived gamma-ray luminosities among galaxies. Only 'observable' permutations are retained to account for the truncation of measurable gamma-ray luminosities imposed by the LAT flux sensitivity (following the method of Efron & Petrosian (1999) ). Specifically, we require that the resultant gamma-ray flux (or upper limit) of each galaxy in a scrambled data set could have been measurable by the LAT in order for the scrambled data set to be included in the null hypothesis distribution. In practice, each permutation represents an exchange of gamma-ray luminosities between two randomly selected galaxies so that statistically meaningful null hypothesis distributions can be efficiently generated. Gammaray flux sensitivity thresholds are determined by randomly sampling from the distribution of gamma-ray flux upper limits presented in Table 3 for each galaxy in the pair to be exchanged. We perform 1000 such exchanges on the actual data before counting permutations towards the null hypothesis distribution.
Inaccuracies in the distance measurements to the galaxies are included in our analysis because these errors are propagated in the transformation of measured fluxes into luminosities. Scatter in distance measurements applied to a collection of objects tends to broaden the distribution of objects in luminosity-space, and can therefore induce positive correlation. For the galaxies in our sample at distances 1 Mpc D 100 Mpc, the typical distance measurement precision for individual galaxies is 10-20% (Freedman et al. 2001, and references therein) . For our particular sample, we can compare the distances provided in the HCN survey of Gao & Solomon (2004a) to those reported in the IRAS Revised Bright Galaxies Sample (Sanders et al. 2003) , and find that for galaxies beyond the Local Group, the average discrepancy between reported distances is 10%. We assume that measurement errors are normally distributed and centered on the true distances to the galaxies. Figure 5 shows an example of the correlation significance test applied to the relationship between gamma-ray and IR luminosity using the full sample of star-forming galaxies. The distribution of correlation coefficients for 10 6 'observable' permutations of the actual data are plotted for 3 levels of distance measurement scatter. The null hypothesis distributions tend towards positive values due to the truncation of measureable gamma-ray luminosities, effectively requiring a larger correlation coefficient for the actual data in order to claim a significant relationship between wavebands. As the level of scatter in distance measurements is increased, the tails of null hypothesis distributions extend to larger positive values. The probability that a null hypothesis data set would have a correlation coefficient larger than that of the actual data corresponds to the P-value measure of correlation significance.
Given uncertainties for the measured gamma-ray fluxes of galaxies in our sample, the correlation coefficient of the actual data is more appropriately viewed as a probability density as opposed to a single value (the Kendall τ statistic does not explicitly include measurement errors). To account for this uncertainty, we draw a flux value for each LAT-detected galaxy from a normal distribution centered on the best-fit flux with standard deviation equal to the reported flux uncertainty. A correlation coefficient is then computed using the sampled gamma-ray fluxes. This process is repeated many times to generate a distribution of correlation coefficients representing the actual data, as shown by the gray bands in Figure 5 . Finally, we integrate over the probability density of correlation coefficients representing the actual data to obtain significances for the multiwavelength relations.
The results of the correlation tests are summarized in Table 4. Using the full sample of 69 star-forming galaxies, the null hypothesis of independence between gamma-ray luminosity and either RC or total IR luminosity can be rejected at the 99% confidence level allowing for 20% uncertainty on the distance measurements to the galaxies. No evidence for a correlation between gamma-ray luminosity and HCN line luminosity is found in this study, an apparent discrepancy considering the previously established correlations between RC, IR, and HCN line luminosities (Liu & Gao 2010) . However, global HCN line luminosity estimates are not available for the SMC and LMC, M31, and M33, which effectively reduces the luminosity range over which the correlation between wavebands can be tested, and excludes three LAT-detected galaxies from the analysis.
We also considered the more conservative case in which galaxies hosting Swift-BAT detected AGN, including NGC 1068 and NGC 4945 along with seven others, were removed from the sample given the potential contributions of the AGN to the broad-band emission of those galaxies. In that case, the P-values for the correlations between gamma-ray luminosity and either RC or IR luminosity are ∼ 0.05 allowing for 20% uncertainty on the distance measurements.
Even in the most conservative case described above, the data prefer a correlation between gamma-ray luminosity and both RC and IR luminosity. Although strong conclusions regarding the significance of the multiwavelength correlations cannot be made at the time, at minimum, scaling relations derived from the current sample have predictive value and offer a testable hypothesis for further observations.
We fit scaling relationships between wavebands using simple power law forms. For example,
parameterizes the relationship between gamma-ray and total IR luminosity. Two regression methods are employed: the ExpectationMaximization (EM) algorithm, and the Buckley-James algorithm. The EM algorithm is similar to the least-squares fitting method, and assumes that the intrinsic residuals of gammaray luminosity are normally distributed in log-space about the regression line for fixed values of either RC or IR luminosity. Non-detections are incorporated in the regression analysis by determining the degree to which the upper limits are compatible with the assumed dispersion about the regression line. The variance of the intrinsic residuals becomes a third parameter in the fit. The Buckley-James algorithm is similar in approach, but generalizes to cases for which the intrinsic distribution of residuals relative to the regression line is not normally distributed. Instead, the intrinsic dispersion is estimated using the Kaplan-Meier distribution obtained from the scatter within the dataset itself. Isobe et al. (1986) provide details regarding the theory and implementation several commonly used survival analysis methods including the EM and Buckley-James regression algorithms. Table 5 reports the best-fits of gamma-ray luminosity versus either RC luminosity or total IR luminosity, which were evaluated using the ASURV Rev 1.2 code (LaValley et al. 1992) . 62 The two regression methods yield consistent results. For both the RC and total IR tracers of SFR, a nearly linear power law index of α=1.0-1.2 is preferred. The scaling indices between gamma-ray luminosity and SFR tracers 62 ASURV and other tools for the analysis of censored data sets are available from the Penn State Center for Astrostatistics (http://www.astrostatistics.psu.edu/statcodes/sc_censor.html).
found for the larger sample of galaxies is consistent within uncertainties with that obtained considering the Local Group galaxies alone, α=1.4±0.3 (Abdo et al. 2010d ). In particular, the gamma-ray luminosity upper limits found for LIRGs and ULIRGs disfavor a strongly non-linear scaling relation. Table 5 also contains regression parameters fitted after removing galaxies hosting Swift-BAT detected AGN from the sample, which would be appropriate if the broadband emissions of those galaxies were heavily influenced by AGN activity. The fitted parameters in both cases are consistent within statistical uncertainties.
Note that the intrinsic dispersion values presented in Table  5 should be viewed as upper limits because we have not made an attempt to account for measurement uncertainties in the gamma-ray fluxes.
The best-fit power laws obtained using the EM algorithm are plotted in Figures 3 and 4 . The darker shaded regions represent uncertainty in the fitted parameters from the regression and the lighter shaded regions indicate the addition of intrinsic residuals to one standard deviation. None of the limits from non-detected galaxies are in strong conflict with the best-fit relations.
Luminosity ratios of the form shown in the lower panels of Figures 3 and 4 have a direct physical meaning in terms of the energy radiated in different parts of the electromagnetic spectrum. For a galaxy with non-thermal emission powered mainly by CR interactions, and having a SFR of 1 M ⊙ yr −1 (similar to the Milky Way), the corresponding luminosity ratios between wavebands are
and
found using the full sample of galaxies with the EM regression algorithm. Further gamma-ray observations are required to conclusively establish the multiwavelength correlations examined in this section. Additional data may also show that scaling relations beyond simple power law forms are required once farther and more active sources are either detected or are constrained by more stringent gamma-ray upper limits.
DISCUSSION
In recent years, increasingly sensitive observations of external galaxies at both GeV and TeV energies have shown that starburst galaxies such as M82 and NGC 253 are characterized by harder gamma-ray spectra relative to quiescent galaxies of the Local Group (Acero et al. 2009; Acciari et al. 2009; Abdo et al. 2010a; Ohm et al. 2011) , and that global gammaray luminosities of galaxies likely scale quasi-linearly with SFRs (e.g. Abdo et al. 2010a,d; Lenain & Walter 2011) . Figure 6 compares the spectra of eight star-forming galaxies detected by gamma-ray telescopes. The more luminous galaxies also have comparatively harder gamma-ray spectra. Whereas the power-law spectral indices of M82 and NGC 253 are 2.2-2.3 extending to TeV energies, the spectra of the LMC and SMC steepen above ∼ 2 GeV (Abdo et al. 2010b,g) .
Scaling relations of the type examined in Section 4.3, and the observed gamma-ray spectra of star-forming galaxies, have implications both for the physics of CRs in the ISM and for the contribution of star-forming galaxies to the isotropic diffuse gamma-ray emission. In this section, we concentrate on the global non-thermal radiation features of star-forming galaxies from a population standpoint.
Physics of Cosmic Rays in Star-forming Galaxies
A discussion of scaling relations for diffuse gamma-ray radiation from star-forming galaxies invites comparison with the extensively studied RC-IR correlation. The RC-IR correlation extends over multiple galaxy types including irregulars, spirals, and ellipticals with on-going star formation (de Jong et al. 1985; Wunderlich et al. 1987; Dressel 1988; Wrobel & Heeschen 1988 , covers galaxies with magnetic energy densities likely ranging at least 4 orders of magnitude (Condon et al. 1991; Thompson et al. 2006) , and applies to galaxies out to at least z ∼ 1 (Appleton et al. 2004 ). High-resolution imaging has also shown the correlation to hold on ∼100 pc scales within individual galaxies (Marsh & Helou 1995; Paladino et al. 2006; Murphy et al. 2006) .
A simple model proposed to explain the RC-IR correlation posits that galaxies are effective 'calorimeters' of both UV photons and CR electrons (Völk 1989) . In this picture, if the ISM is optically thick to UV photons, reprocessed starlight emitted in the IR becomes a proxy for the abundance of massive stars, and hence SFR. The luminosity of CR electrons is assumed to be proportional to the SFR in the basic calorimeter model. If either synchrotron losses dominate for CR electrons, or if the ratio of synchrotron losses to other loss-mechanisms is uniform for many galaxy types, then the RC luminosity should also increase together with the SFR. The latter possibility requires some degree of fine-tuning (but see Lacki et al. 2010 ). Numerical models of CR propagation in the Milky Way suggest that our Galaxy is an effective CR electron calorimeter (Strong et al. 2010) .
Gamma-ray observations extend our study of CRs to include hadronic populations beyond the solar system, and notably, to measure the large-scale propagated spectra of CR nuclei in the Milky Way and other galaxies. At energies above the threshold for pion production, hadronic gamma rays have the same spectral index as the underlying CR proton spectrum in the thin-target regime relevant for proton-proton interactions in the ISM. Diffuse pionic gamma rays presumably offer direct access to the majority of CR energy content, although leptonic diffuse emission and individual sources within galaxies must also contribute to the total emission. The gamma-ray spectra of the SMC and LMC are both consistent with models in which pionic gamma-rays dominate the high energy emission (Abdo et al. 2010b,g ). Many authors have argued that the majority of starburst emission at energies > 0.1 GeV is produced by interactions of CR nuclei in the interstellar medium, assuming primary CR proton to electron ratios similar to values found in the Milky Way (e.g. Paglione et al. 1996; Torres 2004; Persic et al. 2008; Lacki et al. 2010) .
For the Milky Way in particular, global CR-induced gamma-ray emission above 0.1 GeV stems mostly from neutral pion decay (Bloemen 1985; Bertsch et al. 1993) , with leptonic processes contributing 30-40% in the energy range 0.1-100 GeV (Strong et al. 2010 ). The diffuse neutral-pion-decay component for the Milky Way has spectral index ∼ 2.75 above ∼ 1 GeV, matching the locally measured CR proton spectrum (Simpson 1983; Sanuki et al. 2000; Adriani et al. 2011) . CR escape from the Milky Way plays a major role in the formation of the measured CR spectrum, but other galaxies with higher concentrations of ambient gas may work differently, behaving as calorimeters of CR nuclei, as suggested by Thompson et al. (2007) . Approximately 10% (possibly up to 20%) of the global gamma-ray emission of the Milky Way is thought to originate from individual sources (Strong 2007) .
We now review models for the interactions of CR nuclei to examine physical quantities involved in the scaling of hadronic gamma-ray emission, following the formalism of recent works by and Lacki et al. (2011) . Neutral pion decay emission is related both to the energy density of CR nuclei, U p , and to the ambient gas density, n, which serves as target material for inelastic collisions. The total hadronic gamma-ray luminosity (erg s −1 ) can be expressed as
integrating over gamma-ray energies, E γ , and over the whole galactic volume, V , which comprises the disk and surrounding halo occupied by CRs. The factor q(≥ E γ ) denotes gammaray emissivity (s −1 H-atom −1 eV −1 cm 3 ) normalized to the CR energy density (Drury et al. 1994 ). Next, we define an average effective density of ambient gas encountered by CR nuclei:
Note that n eff can be substantially lower than the average gas density found in the galaxy disk. CR nuclei of the Milky Way are thought to spend most of their time in the low-gasdensity halo, based upon combined measurements of unstable isotopes and spallation products (e.g. the B/C ratio) in the locally-observed CR composition (reviewed by Strong et al. 2007 ). Using the above definition for the average effective gas density, equation 7 separates to
The leading factor of equation 9 represents the total energy of CR nuclei, and can be re-written as the product of the total luminosity of CR nuclei, L p , and their characteristic residence time in the galactic volume, τ res :
The trailing factor of equation 9 depends upon the parent spectrum of CR nuclei, for which we assume a power law spectral distribution, dN p /dK p ∝ (K p /1 GeV) −Γp , where K p is the kinetic energy. Gamma-ray emissivities (s −1 H-atom −1 cm 3 ) in the energy range 0.1-100 GeV,
are computed using the proton-proton interaction cross section parametrizations of Kamae et al. (2006) . Note that the emissivities are normalized to the average energy density of CR nuclei (1 < K p < 10 6 GeV) within the entire galactic volume. A nuclear enhancement factor of 1.85 is included to account for heavy nuclei in both CRs and target matter (Mori 2009 ). The emissivities for Γ p = 2 − 3 range from Q 0.1−100 GeV = (5.8 − 7.9) × 10 −17 s −1 H-atom −1 cm 3 . Substituting equations 10 and 11 into equation 9 yields
In the paradigm that SNRs are the primary sources of galactic CRs (Ginzburg & Syrovatskii 1964) , CR luminosity is the product of the supernova rate, Γ SN , the kinetic energy released per supernova, E SN , and the fraction of kinetic energy going into CR nuclei with kinetic energies > 1 GeV (i.e. acceleration efficiency), η:
Core-collapse supernova rates can be estimated from SFRs given an initial mass function and a minimum stellar mass required to produce a core-collapse supernova, which we take to be 8 M ⊙ . For a Chabrier (2003) initial mass function, the transformation between SFR in the mass range 0.1-100 M ⊙ and core-collapse supernova rate is Γ SN Ψ = SFR, with Ψ = 83M ⊙ . The average kinetic energy released per core-collapse supernova is E SN ∼ 10 51 erg (Woosley & Weaver 1995) . The gamma-ray luminosity becomes
Greater physical intuition can be realized by inserting values for the physical quantities similar to those of the Milky Way, L 0.1−100 GeV,π 0 = 9.4 × 10 38 erg s
assuming a power law index for CR nuclei of Γ p = 2.75 corresponding to Q 0.1−100 GeV = 7.8 × 10 −17 s −1 H-atom −1 cm 3 . A consistency check for this simple approach can be performed for the specific case of the Milky Way, for which the column density of material traversed by CR nuclei, or 'grammage,' is well known (e.g. Dogiel et al. 2002) . The mean escape length for CR nuclei in the Milky Way isx = τ res m p n eff c ≈ 12 g cm −2 (Jones et al. 2001 ) (cf. the interaction length is ∼55 g cm −2 ). We may equivalently express equation 15 in terms of the escape length as L 0.1−100 GeV,π 0 = 6.0 × 10 38 erg s
If we take SFR = 1.6 M ⊙ yr −1 corresponding to a SN rate of 1.9 (±1.1) per century (Diehl et al. 2006) , then our estimate for the pionic gamma-ray luminosity of the Milky Way becomes L 0.1−100 GeV,π 0 = 1.1 × 10 39 erg s
For comparison, the luminosity estimated from a full numerical treatment (GALPROP code) incorporating an ensemble of multiwavelength and CR measurements is L 0.1−100 GeV,π 0 = (5 − 7) × 10 38 erg s −1 , with E SN η = (0.3 − 1) × 10 50 erg (Strong et al. 2010) .
It is commonly assumed that the kinetic energy released per supernova, and acceleration efficiency are universal from galaxy to galaxy. In that case, the model expressed in equations 15 and 16 implies that the hadronic gamma-ray luminosity of the interstellar medium scales linearly with the SFR, and with the product of residence time and effective ambient gas density (or equivalently, grammage). These quantities are likely correlated in real galaxies. For example, several authors have argued that SFRs and gas densities are related (e.g. via the Schmidt-Kennicutt law) so that a non-linear scaling of gamma-ray luminosities with SFRs should be expected: L 0.1−100 GeV,π 0 ∝ SFR 1.4−1.7 Fields et al. 2010) .
In general, the residence time of CR nuclei in a galaxy, τ res , can be expressed as
A galaxy becomes a 'calorimeter' of CR nuclei when the residence time approximately equals the collisional energy loss timescale, τ res ≈ τ pp , i.e. energy losses are dominated by inelastic collisions with interstellar matter rather than by escape of energetic particles. The proton-proton collisional energy loss timescale depends primarily on the average gas density encountered by CR nuclei, and is nearly independent of energy because the inelastic cross-section, σ pp , is only weakly energy-dependent for CRs with kinetic energies greater than ∼ 1 GeV. The collisional energy loss timescale is (Mannheim & Schlickeiser 1994) 
By contrast, the escape energy loss timescale,
may be energy-dependent since the diffusion time, τ dif , depends upon particle rigidity in interstellar magnetic fields. For the Milky Way, the main contribution to the gamma-ray luminosity comes from photons with energies ∼1 GeV, corresponding to CR proton energies of ∼10 GeV. The diffusive escape timescale can be estimated as
yr for a halo height of z h = 4 kpc, and taking diffusion coefficients in the range D = (4 − 8) × 10 28 cm 2 s −1 for a particle rigidity of ∼10 GV (Ptuskin et al. 2006) . Given a grammage of 12 g cm −3 , the average gas density corresponding to an escape time of 2 × 10 7 yr is n eff ≈ 0.3 cm −3 (implying that τ pp ∼ 1.5 × 10 8 yr). In spite of modeling differences, it is generally understood that the diffusive escape timescale is much shorter than the collisional loss timescale for the Milky Way , and references therein).
Large uncertainties exist for the escape time due to uncertainty in diffusion parameters, and because CRs might also be advected outwards by bulk motion 'superwinds' which are observed for many starbursts (Lehnert & Heckman 1996) . The advective timescale, τ adv , like the collisional energy loss timescale, is nearly independent of energy.
The spectrum of pionic gamma rays will be affected by a transition between dominant energy loss mechanisms, becoming softer for galaxies in which energy-dependent diffusive losses are important. In particular, the harder gammaray spectra found for starburst galaxies may be understood if the energy loss rate due to either proton-proton interactions or advection is considerably faster than the diffusion timescale. A scaling relation for gamma-ray luminosity should include the possibility that residence times for CR nuclei in different galaxies may vary substantially.
In the calorimeteric limit, the residence time and effective density of target material are inversely proportional, and accordingly, the anticipated scaling of pionic gamma-ray luminosity becomes a linear scaling of the SFR:
For the calorimeter case, we assume an underlying spectrum of CR nuclei described by a power law with Γ p = 2.2 (Q 0.1−100 GeV = 7.8 × 10 −17 s −1 H-atom −1 cm 3 ), representative of the LAT-detected starbursts. The gamma-ray luminosity expected in the calorimetric limit for CR nuclei is plotted in Figures 3 and 4 assuming an average CR luminosity per supernova of E SN η = 10 50 erg.
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To determine how well the theoretical calorimetic limit above describes nearby starburst galaxies, we can transform the observed scaling relation between gamma-ray luminosity and total IR luminosity to a scaling relation between gammaray luminosity and SFR using equation 1. This produces
where N = 1.85 , (23) The ratio between the gamma-ray luminosity estimated via the observed scaling relation with total IR luminosity (equation 23) and predicted in the calorimetric limit for CR nuclei (equation 21) provides an estimate for the calorimetric efficiency of CR nuclei:
63 Lacki et al. (2011) calculated the ratio L >1 GeV /L 8−1000 µm = 3.1 × 10 −4 expected in the calorimetric limit for CR nuclei with Γp = 2.0 and E SN η = 10 51 erg. Substituting the corresponding gamma-ray emissivity, Q >1 GeV = 1.2 × 10 −16 s −1 H-atom −1 cm 3 , into equation 21 yields L >1 GeV /L 8−1000 µm = 2.5 × 10 −4 , an agreement to within ∼20%.
This calorimetric efficiency estimate should be viewed as an upper limit because leptonic processes and individual sources must also contribute to the observed global gamma-ray emission of galaxies. We may infer from equation 24 that starburst galaxies with SFR ∼ 10 M ⊙ yr −1 have maximum calorimetric efficiencies of 30-50% whereas dwarf galaxies with SFR ∼ 0.1M ⊙ yr −1 have lower calorimetric efficiencies of 10-20%, when assuming an average CR luminosity per supernova of E SN η = 10 50 erg, using a Chabrier IMF, and attributing all observed gamma-rays to hadronic processes. Real galaxies are expected to exhibit some dispersion about the trend. The estimates presented here are in good agreement with the calculations of Lacki et al. (2011) for M82 and NGC 253. Our own Milky Way is the only galaxy for which global gammaray luminosity can be compared to direct CR measurements, and the CR energetics are in fair agreement with our estimates above considering that the estimated gamma-ray luminosity is below (but consistent with) the best-fit scaling relation.
Energy-independent cooling mechanisms for CR nuclei capable of preserving the injected spectral shape are preferred for the LAT-detected starburst galaxies given their relatively hard gamma-ray spectra. An enhancement of interaction efficiency is suggested by the slightly non-linear scaling relations found in Section 4.3. However, the overall normalizations of these scaling relations imply that most starburst galaxies are not fully calorimetric for E SN η = 10 50 erg. Our present analysis does not tightly constrain the CR calorimetry scenario for ULIRGs. Energy-independent CR transport should also be examined as a potentially important energy-loss mechanism for CR nuclei in starburst galaxies (see in this context Persic & Rephaeli 2012 ). Our observations suggest that a substantial fraction of CR energy escapes into intergalactic space for most galaxies since CR nuclei are expected to dominate the CR energy budget, but that some starburst systems such as M82, NGC 253, NGC 1068, and NGC 4945 have substantially higher calorimetic efficiencies relative to the Milky Way. A detailed discussion of particular starburst galaxies as potential CR calorimeters is presented by Lacki et al. (2011) .
Contribution to the Isotropic Diffuse Gamma-ray
Background Celestial gamma-ray radiation not resolved into individual sources is often treated as the sum two components: a spatially structured component originating mainly from CR interactions in the Milky Way, and a nearly uniform all-sky component often called the 'isotropic diffuse gamma-ray background' (IGRB). Shortly after the discovery of an isotropic component using the OSO-3 satellite (Clark et al. 1968 ) and early spectral characterization with SAS-2 (Fichtel et al. 1975) , several authors proposed that multitudinous extragalactic sources too faint to be individually resolved must contribute to the observed flux (Strong et al. 1976; Lichti et al. 1978) . The spectrum of the isotropic component has been subsequently measured with EGRET (Sreekumar et al. 1998; Strong et al. 2004) , and most recently with the Fermi LAT (Abdo et al. 2010h) . Note that the intensity attributed to the isotropic diffuse component is instrument-dependent in the sense that more sensitive instruments are capable of extracting fainter individual sources. In this work, the term IGRB will refer specifically to the most recent measurement reported by the Fermi-LAT Collaboration, consistent with a featureless power law of spectral index of 2.41 ± 0.05 between 0.2-100 GeV with integral intensity above 0.1 GeV of 1.03 ± 0.17 × 10 −5 ph cm −2 s −1 sr −1 . The origin of the IGRB flux is not yet fully understood, in part because the contribution from the most prominent extragalactic gamma-ray source class, namely blazars, is wellconstrained by population synthesis techniques. More than one thousand sources at high Galactic latitudes, predominantly blazars, have now been discovered at GeV energies (Ackermann et al. 2011 ). The total intensity of these resolved sources averaged over the full sky is 0.44 × 10 −5 ph cm −2 s −1 sr −1 . Based on the empirically-determined flux distribution of high-latitude sources, blazars with fluxes below the LAT detection threshold are expected to contribute less than 30% of the IGRB intensity (Abdo et al. 2010i ).
Star-forming galaxies far outnumber AGN in number density, but are more challenging to detect in high-energy gamma rays due to their comparatively modest luminosities and lack of beamed emission. Even with the improved sensitivities of contemporary gamma-ray telescopes, a limited number of exclusively low-redshift star-forming galaxies are expected to be individually detected. Estimates for the collective intensity of unresolved galaxies consequently rely upon scaling relations between gamma-ray luminosity and galaxy proporties (such as SFR and gas content), and studies of the evolving cosmological population of galaxies. Calculations by Pavlidou & Fields (2002) and Thompson et al. (2007) during the EGRET era, and by Fields et al. (2010) , Makiya et al. (2011), and Stecker & Venters (2011) incorporating additional contraints from the first year of the Fermi mission demonstrated that star-forming galaxies could make a substantial contribution to the IGRB, comparable to that of the blazars. Fields et al. (2010) pointed out that uncertainties in the estimated contribution can arise from a degeneracy between density and luminosity evolution of star-forming galaxies over cosmic time. In other words, a change in either the density of galaxies having a given SFR (density evolution), or a change in the SFR of individual galaxies (luminosity evolution) could account for variations in total SFR density with redshift. If the relationship between gamma-ray luminosity and SFR is nonlinear, such distinctions are important. Stecker & Venters (2011) proposed an approach combining global gamma-ray luminosity scaling relations with multiwavelength luminosity functions which describe the abundances of individual galaxies within different luminosity classes over redshift. As an example of this approach, we now estimate the contribution of non-AGN dominated starforming galaxies to the IGRB using the relationship between gamma-ray luminosity (0.1-100 GeV) and total IR (8-1000 µm) luminosity identified in section 4.3, together with an IR luminosity function provided by Spitzer observations of the VIMOS VLT Deep Survey and GOODS fields (Rodighiero et al. 2010) .
This procedure requires an IR luminosity function for exclusively non-AGN dominated star-forming galaxies. In obtaining luminosity functions from Spitzer data, Rodighiero et al. utilized a catalog of spectral templates to simultaneously determine the redshift and spectral classification of each galaxy in their dataset. Objects classified as type-I AGN were subsequently removed from the sample. Although some AGN likely remain, the fractional contamination of IR-bight obscurred AGN is expected to be small compared to non-AGN galaxies (Ballantyne & Papovich 2007; Petric 2010) , such that the final IR luminosity functions ac-curately represent the cosmic star formation history. The IR luminosity function for non-AGN galaxies published by Rodighiero et al. ( given in the rest-frame of the galaxies) is consistent with those found from other IR surveys (Sanders et al. 2003; Chapman et al. 2005; Le Floc'h et al. 2005; Huynh et al. 2007; Magnelli et al. 2009 ).
The collective intensity (ph cm −2 s −1 sr −1 GeV −1 ) of unresolved star-forming galaxies at observed photon energy E 0 can be computed using the line-of-sight integral,
2 N/(dV dL γ ) expresses the number density of galaxies per unit luminosity interval, and dN/dE L γ , E 0 (1 + z) is the differential photon flux of an individual galaxy with integral gamma-ray luminosity L γ at redshift z. The factor d 2 V /(dzdΩ) represents the comoving volume element per unit redshift and unit solid angle. We transform the integral over gamma-ray luminosity into an integral over IR luminosity using the scaling relation equation 4 and fitted parameters from Table 3 .
Given the limited number of star-forming galaxies detected in high energy gamma rays, the spectral transition from quiescent to starburst galaxies has not yet been mapped in detail. Accordingly, two spectral model choices for star-forming galaxies in the gamma-ray energy band are used in our calculation. First, we adopt a power law spectral model with photon index 2.2, characteristic of the LAT-detected starbursts. The second spectral model is based on a model of the global emission from the Milky Way (Strong et al. 2010) scaled to the appropriate corresponding IR luminosity. These two spectral models should be viewed as bracketing the expected contribution since multiple galaxy types with different gamma-ray spectral characteristics contribute to the IGRB, e.g. dwarfs, quiescent spirals, and starbursts.
Only the redshift range 0 < z < 2.5 is considered in this work because IR luminosity functions are not yet well constrained beyond z ∼ 2.5. We explicitly assume that the relationship between gamma-ray and IR luminosity found for galaxies at z ≤ 0.05 holds for galaxies at higher redshifts. Although we are unable to validate this assertion directly, the closely-related RC-IR correlation does not show signs of evolution up to z ∼ 2 (Ivison et al. 2010) , and possibly to redshifts z 4 (Sargent et al. 2010 ). Those observations are indicative of a consistent relationship between star formation and CRs in galaxies over the past 10 Gyr.
We account for the attenuation of gamma rays by interactions with the extragalactic background light using the model of Franceschini et al. (2008) . The contribution of resulting cascade emission to the IGRB is expected to be faint compared to the primary component (Makiya et al. 2011) .
Estimates for the collective intensities of unresolved starforming galaxies, including both quiescent galaxies and starbursts, in the energy range above 0.1 GeV are shown in Figure 7 relative to the first-year Fermi LAT IGRB measurement. Shaded regions denote the range of statistical and systematic uncertainties. We use the scaling relation between gammaray luminosity and total IR luminosity obtained using the EM algorithm with the full sample of 69 galaxies, allowing for 1 standard deviation of variation in the fitted parameters, and include log-normal intrinsic scatter of gamma-ray luminosities.
An additional 30% uncertainty is allocated for the normalizaion of the IR luminosity function. Using the methodology described above with the scaled Milky Way spectral model, the estimated integral photon intensity of unresolved starforming galaxies with redshifts 0 < z < 2.5 above 0. ph cm −2 s −1 sr −1 . These estimates cover a range of 4-23% of the integral IGRB intensity above 0.1 GeV measured with the LAT, 1.03 ± 0.17 × 10 −5 ph cm −2 s −1 sr −1 (Abdo et al. 2010h ). Differential intensities for the two spectral models are presented in Table 6 . The range of intensities predicted in this work is consistent with previous estimates for the intensity of unresolved star-forming galaxies shown in Figure 7 for comparison.
The relative contributions of star-forming galaxies to the IGRB according to their redshift and IR luminosity class are shown in Figure 8 . In both panels, fractional contributions are normalized to the estimated total intensity of star-forming galaxies with redshifts 0 < z < 2.5. These panels provide important checks to the reliability of our total estimate given the uncertainty in the relationship between gamma-ray and IR luminosity for all galaxy types (e.g. no ULIRGs are detected at GeV energies), and our incomplete knowledge of the IR luminosity function at intermediate redshifts. The black dashed curve indicates the total IR luminosity above which Rodighiero et al. (2010) report completeness in the sample of galaxies used to derive their published IR luminosity functions. The luminosity function in the region of phase space with IR luminosity above that threshold is well-constrained by Spitzer data. Although the IR luminosity function for galaxies below this threshold is not directly determined by the detections of individual galaxies, the total density of IR emission is contrained by the observed extragalactic background light. The IR luminositity functions presented by Rodighiero et al. (2010) Caputi et al. (2007) , and that estimated with far-ultraviolet data (Tresse et al. 2007) .
Although the contribution from star-forming galaxies is only considered in the redshift range from 0 < z < 2.5 in this work, Figure 8 makes apparent that the contribution from starforming galaxies at redshifts z > 1.5 is diminishing. The particular shape of the cumulative contribution curve in the lower panel of Figure 8 is determined mainly by the IR luminosity function.
Estimates for the combined intensities of unresolved blazars and star-forming galaxies are plotted in Figure 9 . The summed contribution falls short of explaining the IGRB, suggesting that important aspects of these populations are not included in current models and/or that other high-energy source classes or diffuse processes contribute a significant fraction of the observed IGRB intensity. Dermer (2007) provides an extensive discussion of possible contributions to the IGRB.
Besides the beamed emission from blazars, in which the relativistic jet direction coincides with our line of sight, the gamma-ray emission from the cores of misaligned AGN must also constitute part of the IGRB. More than 10 such radio galaxies have now been detected in Fermi LAT data at redshifts up to z ∼ 0.7 (Abdo et al. 2010e) . A relationship between the gamma-ray and radio emission of LAT-detected misaligned AGN has been used to estimate that gamma-ray-loud radio galaxies account for ∼ 25% of the unresolved IGRB above 0.1 GeV (Inoue 2011) . However, estimates for this contribution are not yet tightly constrained due to the small sample of LAT-detected objects and uncertainties regarding the scaling relation between radio and gamma-ray luminosities.
Large scale structure formation shocks leading to the assembly of galaxy clusters represent another interesting candidate population to explain the remaining IGRB intensity (Colafrancesco & Blasi 1998) . The tenuous intergalactic medium of galaxy clusters is thought to be a reservoir for CR nuclei which accumulate over cosmological timescales. Although non-thermal leptonic populations are well-established by observation of Mpc-scale radio features, no galaxy cluster has been detected in the GeV energy range (e.g. Ackermann et al. 2010 ). Other extragalactic source classes have been considered, such as gamma-ray bursts (Le & Dermer 2007) , and extended emission from the lobes of radio galaxies (Stawarz et al. 2006; Massaro & Ajello 2011) , but these contributions are exprected to be less than 1% in the GeV energy range. Unresolved radio-quiet AGN are also not expected to make a significant contribution to the IGRB (Teng et al. 2011 ).
An example of a truly diffuse component is the cumulative emission resulting from electromagnetic cascades of ultrahigh energy CRs interacting with cosmic microwave background photons (Berezinskii & Smirnov 1975 ) and very-high energy photons interacting with the extragalactic background light (Coppi & Aharonian 1997) . The gamma rays produced by those cascades are expected to have a relatively hard spectrum. Already, the LAT IGRB measurement has been used to constrain this component and to predict the cosmogenic ultra-high energy neutrino flux originating from charged pion decays of the ultra-high energy CR interactions (Ahlers et al. 2010; Berezinsky et al. 2011; Wang et al. 2011) .
Galactic sources, such as a population of unresolved millisecond pulsars at high Galactic latitudes, could become confused with isotropic diffuse emission as argued by Faucher-Giguère & Loeb (2010) . Part of the IGRB may also come from our Solar System as a result of CR interactions with debris of the Oort Cloud (Moskalenko & Porter 2009 ).
Finally, a portion of the IGRB may originate from 'new physics' processes involving, for instance, the annihilation or decay of dark matter particles (Bergström et al. 2001; Ullio et al. 2002; Taylor & Silk 2003) .
Studies of anisotropies in the IGRB intensity on small angular scales provide another approach to identify IGRB constituent source populations (Siegal-Gaskins 2008) . The fluctuation angular power contributed by unresolved starforming galaxies is expected to be small compared to other source classes because star-forming galaxies have the highest spatial density among confirmed extragalactic gamma-ray emitters, but are individually faint (Ando & Pavlidou 2009 ). Unresolved star-forming galaxies could in principle explain the entire IGRB intensity without exceeding the measured anisotropy (Ackermann et al. 2012a) . By contrast, the fractional contributions of unresolved blazars and millisecond pulsars to the IGRB intensity are constrained to be less than ∼ 20% and ∼ 2%, respectively, due to larger angular power expected for those source classes.
GALAXY DETECTION OUTLOOK FOR THE FERMI LAT
The scaling relations obtained in Section 4.3 allow straightforward predictions for the next star-forming galaxies which could be detected by the LAT. We use the relationship between gamma-ray luminosity and total IR luminosity to select the most promising targets over a 10-year Fermi mission.
We begin by creating an IR flux-limited sample of galaxies from the IRAS Revised Bright Galaxies sample (Sanders et al. 2003) by selecting all the galaxies with 60 µm flux density greater than 10 Jy (248 galaxies). Next, 0.1-100 GeV gamma-ray fluxes of the galaxies are estimated using the scaling relation between gamma-ray luminosity and total IR luminosity. Intrinsic dispersion in the scaling relation is addressed by creating a distribution of predicted gammaray fluxes for each galaxy, assuming the log-normal intrinsic scatter fitted with the EM algorithm for the full sample of examined galaxies. Finally, we estimate the LAT flux sensitivity at the location of each galaxy given the Galactic foreground and isotropic diffuse background, and extrapolating the current LAT observation profile. For each realization of the population, we count galaxies with predicted fluxes above the LAT sensitivity thresholds at their respective positions as 'detected.' The galaxies are modeled as spatially unresolved sources having power law spectral forms with photon index equal to 2.2. These modeling choices are focused on the search for additional starburst galaxies beyond the Local Group.
Detection probabilities over a 10-year Fermi mission are plotted in Figure 10 for the best candidate galaxies according to the procedure outlined above. The predictions pass the consistency check that the best candidate galaxies match those which have been LAT-detected. Galaxies with the next highest probabilities of LAT-detection in the coming years include M33, M83, NGC 3690, NGC 2146, and Arp 220. This list substantially overlaps with the top candidates recently named by Lacki et al. (2011) .
Formally, the galaxy NGC 5128 (Centaurus A) would have entered our list of top condidates based on its total IR flux, and indeed, NGC 5128 has been detected at both GeV and TeV energies Abdo et al. 2010f ). However, the signal is thought to originate mainly from the relativistic jet associated with the AGN. NGC 5128 is consequently excluded from our list of candidate galaxies.
We find moderately significant excesses above backgrounds at the locations of NGC 2146 and M83 (see Section 4). If those excesses are indeed associated with the galaxies (see in this context Lenain & Walter (2011) for M83), then both might be securely detected after ∼ 6 years of LAT observations. Figure 11 shows the cumulative number of galaxies anticipated to be detected as a function of increasing mission time. The shaded confidence regions are obtained directly from the distribution of total galaxies above the LAT sensitivity threshold as predicted from the multiple realizations of the galaxy population described above. The actual numbers of external galaxies reported in the 1FGL (Abdo et al. 2010c ) and 2FGL (Nolan et al. 2012) catalogs are consistent with expectations. If the simple scaling relationship between gamma-ray luminosity and total IR luminosity found for our present sample is representative of the larger population of low-redshift starforming galaxies, then we can expect about 10 external galaxies to be gamma-ray detected during a 10-year Fermi mission.
CONCLUSIONS
We examined 64 galaxies selected for their abundant dense molecular gas using three years of Fermi LAT data in the 0.1-100 GeV energy range. Those results are combined with previous studies of 5 Local Group galaxies in a multiwavelength analysis incorporating both measured fluxes for the LAT-detected galaxies and gamma-ray flux upper limits. We find further, though not yet conclusive (P-values ∼ 0.05 in the most conservative case), evidence for a quasilinear scaling relation between gamma-ray luminosity and star-formation rate as estimated by radio continuum luminosity or total IR luminosity. Since contemporaneous star-formation rates are sensitive to short-lived massive stars, and because gamma rays are the most direct probe of CR hadrons in the ISM of external galaxies, the scaling relationship strengthens the connection between CR energy content and massive stars which ultimately explode as supernovae.
In the paradigm that SNRs channel approximately 10% of their mechanical energy into CR nuclei with kinetic energies > 1 GeV, the normalization of the observed scaling relationship between gamma-ray luminosity and SFR implies that starburst galaxies (SFR ∼ 10 M ⊙ yr −1 ) have an average calorimetric efficiency for CR nuclei of 30-50% if the gamma-ray emission is dominated by neutral pion decay. As discussed in Section 5.1, this constraint depends upon the assumed energetics of SNRs and the stellar initial mass function. Meanwhile, the hard gamma-ray spectra of starburst galaxies (Γ = 2.2-2.3) give preference for energy-independent loss mechanisms for CR nuclei in starbursts, as opposed to the diffusive losses which likely shape the observed gamma-ray spectra of quiescent Local Group galaxies. Both hadronic interactions and advective transport of CR nuclei should be considered as potentially important energy loss mechanisms in starburst galaxies. The overall normalization of the relation between gamma-ray luminosity and SFR supports the understanding that the majority of CR energy in most galaxies eventually escapes into intergalactic space.
The relationship between gamma-ray luminosity and total IR luminosity can be used as a low-redshift anchor to estimate the contribution of star-forming galaxies to the IGRB. Using the gamma-ray luminosity scaling relations presented here in conjunction with IR luminosity functions, we estimate that star-forming galaxies with redshifts 0 < z < 2.5 have a sky-averaged intensity of 0.4-2.4 ×10 −6 ph cm −2 s −1 sr −1 in the energy range 0.1-100 GeV, thereby contributing 4-23% of the IGRB intensity measured by the LAT. The combined contributions of unresolved blazars and star-forming galaxies appear to fall short of fully explaining the observed IGRB, suggesting that other gamma-ray source populations and/or truly diffuse processes constitute a substantial fraction of the observed IGRB intensity.
Finally, we predict that several more external galaxies might be detected by the LAT during a 10-year Fermi mission. In particular, the galaxies M33, M83, NGC 3690, NGC 2146, and Arp 220 are interesting targets for further study. The all-sky coverage provided by the LAT can also help identify promising targets for studies with imaging air-Cherenkov telescopes, including the proposed Cherenkov Telescope Array 64 .
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APPENDIX KENDALL τ CORRELATION STATISTIC
The Kendall τ correlation statistic is a non-parametric rank-correlation method which can be generalized for the analysis of datasets containing both detections and non-detections. In this work, we follow the procedure of Akritas & Siebert (1996) to test the degree of correlation between luminosities in two wavebands for a collection of galaxies.
Consider a dataset consisting of n points, X k [i], indexed by i = 1, ..., n, with k = 1, 2 to denote the two wavebands. To compute the correlation coefficient, first define a helper function,
where I = 1 if the enclosed conditional statment is true, and I = 0 otherwise. When performing an analysis of partially censored data, let δ(X k [i]) = 1 for a detection (measured value), and δ(X k [i]) = 0 for a non-detection (limiting value). For historical reasons, the Kendall τ statistic is conventionally defined in the context of data containing lower limits rather than upper limits as is common in astrophysics research applications. The method can be applied to data containing upper limits by taking the negative value of all quantities, i.e.
Next, define a function to encode the ordering between two points in the dataset labeled i, j,
A graphical representation of this encoding is shown in Figure 12 for a dataset containing upper limits in the k = 2 waveband. Notice that H(i, j) ∈ −1, 0, 1. The Kendall τ correlation coefficient is the sum of H(i, j) for each pair of points in the dataset, normalized by the total number of pairs,
POTENTIAL HAZARD OF MULTIWAVELENGTH COMPARISONS IN FLUX-SPACE
Consider the simple case of a sample of objects observed in two wavebands, denoted by k = 1, 2, which follow a power law relation in intrinsic luminosity, log L 2 = α log L 1 + β. An algebraic conversion of this equation from luminosity-space to flux-space yields,
where d is the distance to the distance to each object in the sample, L k = 4πd 2 F k . Notice that if the relationship between intrinsic luminosities is non-linear, α = 1, the distance to each galaxy enters as an additional term in the flux-space relation. This situation can lead to unpredictable behavior, since the objects in the sample are, in general, located at different distances to the observer.
SIMULATIONS OF MULTIWAVELENGTH COMPARISONS IN LUMINOSITY-SPACE
We discuss results from a Monte Carlo study of multiwavelength comparisons in luminosity-space in the context of the present work. One concern of comparing luminosities is that both quantities have a shared dependence on the measured distances to the objects. Common selection effects in observational astrophysics, e.g. that more luminous objects can be detected at greater distances, therefore have the potential to induce spurious apparent luminosity correlations between wavebands.
We performed a series of simulations of a population of objects observed in two wavebands to investigate this potential source of bias. The two wavebands are differentiated in that the 'selection' band, here called the 'X-band,' is used to select a sample of objects from a larger population, and the objects are then observed in a second 'search' band, here called the 'Y -band.' The bands are asymmetric in that partial censoring is possible in the Y band, whereas all objects are detected in the X band. The galaxies examined in this work fit the above description as a flux-limited sample selected according to their IR, CO-line, and HCN-line fluxes, and subsequently observed in the gamma-ray band.
We test various scenarios considering different intrinsic relationships between X-and Y -band luminosities, sample selection approaches, and detection efficiencies. Throughout the simulations, we assume that distances to the objects and fluxes are measured without error. This assumption implies completeness down to the detection threshold flux level in the Y band.
For each scenario, repeat the following procedure many times:
1. Create a population of objects with randomly distributed distances from the observer and luminosities in the X band.
2. Assume a relationship between intrinsic luminosities in the X and Y bands, specifically a power law form with intrinsic dispersion D:
Intrinsic dispersion in the relationship between luminosities in the X-and Y -bands is taken to be normally distributed in log-space with standard deviation
3. Select a subset of objects from the full population. The subset will comprise the sample of objects observed in both wavebands and considered in subsequent statistical analysis. For the particular examples which follow, we generate a population of objects representative of low-redshift star-forming galaxies. The X-band luminosity distribution is drawn from the total IR luminosity function of Rodighiero et al. (2010) at redshift z = 0, with a minimum IR luminosity of 10 8 L ⊙ . The volume considered is a cube of 200 Mpc on a side. Objects are assumed to be uniformly distributed in Euclidean three-dimensional space.
We consider two sample selection approaches: volume-limited, and flux-limited in the X band. In either case, a sample consisting of 100 objects is selected for each trial. The selected sample in each trial amounts to approximately 0.06% of objects in the full simulated population.
The parameters of each simulation scenario include the intrinsic power law scaling index between X-and Y -band luminosities (α), the standard deviation of the intrinsic dispersion in the luminosity-luminosity relationship (σ, dex), and the detection efficiency of sample objects in the Y band. For each scenario, we perform 1000 trials. The distributions of Kendall τ correlation coefficients for the different scenarios are summarized in Table 7 for the case of volume-limited sample selection, and in Table 8 for the case of flux-limited sample selection.
Volume-limited samples are generally considered to be unbiased, provided that a large enough volume can be sensitively probed so as to contain a distribution of objects representative of the full population. The results contained in Table 7 demonstrate that in scenarios with no intrinsic relationship between luminosities (α = 0), the distribution of correlation coefficients is consistent with being centered on zero (τ = 0 corresponds to no correlation). The correlation test is not biased towards finding a non-existent correlation in this example. By contrast, the distribution of correlation coefficients for scenarios in which an intrinsic linear correlation was considered (α = 1) consistently tend toward positive values, thereby correctly identifying a positive correlation.
These conclusions do not change appreciably in flux-limited sample selection case, as evident in Table 8 . For the simple examples above, which are modelled on the population of star-forming galaxies examined in this work in terms of luminosity distribution, sample size, and sample selection, the Kendall τ correlation coefficient proves to be effective in distinguishing between populations with and without intrinsically correlated luminosities, even when only a small fraction of objects are actually detected in the 'search' band.
We considered the simple case of power law relation between intrinsic luminosities for this study. However, since the Kendall τ correlation test is a non-parametric method, the conclusions are expected to hold for more complex scaling relations as well. Galaxy distances, total IR (8-1000 µm) luminosities, and HCN line luminosities are provided by Gao & Solomon (2004b) . RC luminosities at 1.4 GHz come primarily from Yun et al. (2001) , except for M82 and NGC 3627 (Condon et al. 1990 ), NGC 4945 (Wright & Otrupcek 1990) , and Arp 299, NGC 5775, NGC 7331, and VII Zw 31 (Condon et al. 1998) . Galaxies appearing in the Swift BAT 58-month survey catalog with AGN-type classification are identified (Baumgartner et al. 2010) . Global RC, IR, and gamma-ray luminosities of the Milky Way have been estimated using a numerical model of CR propagation and interactions in the ISM (Strong et al. 2010) . Within the Local Group, an estimate for the global HCN line luminosity is only available for the Milky Way (Solomon et al. 1992) . Radio data for other Local Group galaxies: SMC (Loiseau et al. 1987) , LMC (Hughes et al. 2007 ), M31 and M33 (Dennison et al. 1975) . IR data for other Local Group galaxies come from Sanders et al. (2003) . Gamma-ray data for other Local Group galaxies: SMC (Abdo et al. 2010b) , LMC (Abdo et al. 2010g ), M31 and M33 (Abdo et al. 2010d) . Results for the Kendall τ significance tests for correlation between gamma-ray luminosity and each of RC luminosity, IR luminosity, and HCN line luminosity, expressed as P-values representing the probabilities of erroneously rejecting the null hypothesis that no correlation exists between wavebands. A description of the Kendall τ statistic is provided in Appendix A and details of the implementation are provided in Section 4.3. Scatter in the distance measurements to the galaxies are assumed to be normally distributed with standard deviation (σ D ) expressed as a percentage of the actual galaxy distances.
Energy ( Fitted parameters for relationships between gamma-ray luminosity and multiwavelength tracers of star-formation. Using the RC case as an example, the scaling relations are of the form log L 0.1−100GeV = α log L 1.4GHz + β, with luminosities expressed in the units provided in the leftmost column. The square root of the variance provides an estimate of the intrinsic dispersion of gamma-ray luminosity residuals in log-space about the best-fit regression line. For the EM algorithm, the intrinsic residuals about the best-fit line are assumed to be normally distributed in log-space. The Buckley-James algorithm uses the Kaplan-Meier method to estimate the distribution of residuals. See Section 4.3 for a description of the fitting methods. Both the complete sample of 69 galaxies (containing 8 LAT sources) and a subsample of 60 galaxies excluding the AGN detected by the Swift BAT are analyzed (containing 6 LAT sources). Gamma-ray luminosity (0.1-100 GeV) versus RC luminosity at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled symbols whereas galaxies with gamma-ray flux upper limits (95% confidence level) are marked with open symbols. Galaxies hosting Swift-BAT AGN are shown with square markers. RC luminosity uncertainties for the non-detected galaxies are omitted for clarity, but are typically less than 5% at a fixed distance. The upper abscissa indicates SFR estimated from the RC luminosity according to equation 2 (Yun et al. 2001 ). The best-fit power law relation obtained using the EM algorithm is shown by the red solid line along with the fit uncertainty (darker shaded region), and intrinsic dispersion around the fitted relation (lighter shaded region). The dashed red line represents the expected gamma-ray luminosity in the calorimetric limit assuming an average CR luminosity per supernova of E SN η = 10 50 erg (see Section 5.1). Bottom Panel: Ratio of gamma-ray luminosity (0.1-100 GeV) to RC luminosity at 1.4 GHz. -Graphical representation of the method adopted to estimate significances of multiwavelenth correlations using the Kendall τ statistic. Total IR luminosity (8-1000 µm) and gamma-ray luminosity (0.1-100 GeV) are compared using the full sample of 69 galaxies in this example. Null hypothesis distributions of correlation coefficients assuming independence between wavebands are shown for 3 levels of uncertainty in distance measurements (1 standard deviation of the scatter). The null hypothesis distributions are generated from 10 6 permutations of gamma-ray luminosities among the galaxies, requiring that the resultant gamma-ray fluxes could have been measureable given the flux sensitivity threshold of the LAT. The correlation efficient of the actual data is represented as a probability density to account for uncertainty in measured gamma-ray fluxes. The gray bands indicate the inner 68% and 95% of the probability density for the actual data. The correlation significance is estimated by computing the fraction of null hypothesis realizations with correlation coefficient larger than that obtained for the actual data (i.e. the P-value). See Section 4.3 and Appendix A for details. -Estimated contribution of unresolved star-forming galaxies (both quiescent and starburst) to the isotropic diffuse gamma-ray emission measured by the Fermi LAT (black points, Abdo et al. 2010h ). The shaded regions indicate combined statistical and systematic uncertainties in the contributions of the respective populations. Two different spectral models are used to estimate the GeV gamma-ray emission from star-forming galaxies: a power law with photon index 2.2, and a spectral shape based on a numerical model of the global gamma-ray emission of the Milky Way (Strong et al. 2010) . These two spectral models should be viewed as bracketing the expected contribution since multiple star-forming galaxy types contribute, e.g. dwarfs, quiescent spirals, and starbursts. We consider only the contribution of star-forming galaxies in the redshift range 0 < z < 2.5. The gamma-ray opacity of the Universe is treated using the extragalactic background light model of Franceschini et al. (2008) . Several previous estimates for the intensity of unresolved star-forming galaxies are shown for comparison. Thompson et al. (2007) treated starburst galaxies as calorimeters of CR nuclei. The normalization of the plotted curve depends on the assumed acceleation efficiency of SNRs (0.03 in this case). The estimates of Fields et al. (2010) and by Makiya et al. (2011) incorporate results from the first year of LAT observations. Fields et al. (2010) considered the extreme cases of either pure luminosity evolution and pure density evolution of star-forming galaxies. Two recent predictions from Stecker & Venters (2011) are plotted: one assuming a scaling relation between IR-luminosity and gamma-ray luminosity, and one using a redshift-evolving Schecter model to relate galaxy gas mass to stellar mass. Estimated intensities of unresolved star-forming galaxies using two different spectral model assumptions are compared to the IGRB spectrum measured by with the LAT. The spectrum of the IGRB is consistent with a power law characterized by a photon index Γ = 2.41 ± 0.05 with an integral photon intensity above 0.1 GeV of (1.03 ± 0.17) × 10 −5 ph cm −2 s −1 sr −1 (Abdo et al. 2010h) . The entries in the rightmost column follow from this parametrization for the IGRB spectrum. -Relative contribution of star-forming galaxies to the isotropic diffuse gamma-ray background according to their redshift and total IR luminosity (8-1000 µm) normalized to the total contribution in the redshift range 0<z<2.5. Top Panel: Solid contours indicate regions of phase space which contribute an increasing fraction of the total energy intensity (GeV cm −2 s −1 sr −1 ) from all star-forming galaxies with redshifts 0 < z < 2.5 and 10 8 L ⊙ < L 8−1000 µm < 10 13 L ⊙ . Contour levels are placed at 10% intervals. The largest contribution comes from low-redshift Milky Way analogues (L 8−1000 µm ∼ 10 10 L ⊙ ) and starburst galaxies comparable to M82, NGC 253, and NGC 4945. The black dashed curve indicates the IR luminosity above which the survey used to generate the adopted IR luminosity function is believed to be complete (Rodighiero et al. 2010) . Bottom Panel: Cumulative contribution versus redshift. As above, only the redshift range 0 < z < 2.5 is considered. Figure 7 , but showing the summed contributions of blazars and star-forming galaxies (this work) to the isotropic diffuse gamma-ray background. Two different assumed spectral models for the star-forming galaxies are shown. The estimated contribution of blazars is derived from the distribution of observed fluxes for high Galactic latitude sources observed by the LAT, which are believed to be dominated by FSRQs and BL Lac objects (Abdo et al. 2010i -Total number of star-forming galaxies anticipated to be detected during a 10-year Fermi mission. The actual numbers of external galaxies reported in the 1FGL (Abdo et al. 2010c ) and 2FGL (Nolan et al. 2012) catalogs are marked with star symbols. 0.0018 ± 0.07 0.38 ± 0.057 (0.025) (6.6)
E (GeV)
As Table 7 , but considering flux-limited samples of objects in X-band flux.
